Adenovirus cement proteins play crucial roles in virion assembly, disassembly, cell entry, and infection. Based on a refined crystal structure of the adenovirus virion at 3.8-Å resolution, we have determined the structures of all of the cement proteins (IIIa, VI, VIII, and IX) and their organization in two distinct layers. We have significantly revised the recent cryoelectron microscopy models for proteins IIIa and IX and show that both are located on the capsid exterior. Together, the cement proteins exclusively stabilize the hexon shell, thus rendering penton vertices the weakest links of the adenovirus capsid. We describe, for the first time to our knowledge, the structure of protein VI, a key membrane-lytic molecule, and unveil its associations with VIII and core protein V, which together glue peripentonal hexons beneath the vertex region and connect them to the rest of the capsid on the interior. Following virion maturation, the cleaved N-terminal propeptide of VI is observed, reaching deep into the peripentonal hexon cavity, detached from the membrane-lytic domain, so that the latter can be released. Our results thus provide the molecular basis for the requirement of maturation cleavage of protein VI. This process is essential for untethering and release of the membrane-lytic region, which is known to mediate endosome rupture and delivery of partially disassembled virions into the host cell cytoplasm.
H uman adenoviruses (HAdVs) are large (∼150 nm in diameter, 150-MDa) nonenveloped double-stranded DNA (dsDNA) viruses that cause respiratory, ocular, and enteric diseases (1) . Although these diseases are self-limiting in immunocompetent individuals, they cause significant morbidity in AIDS, cancer, and organ transplant patients with compromised immune systems (2) (3) (4) . Because of their broad cell tropism and ease of genome manipulation, replication-deficient or conditionally replicating HAdVs are also being evaluated in the clinic as potential vaccine and gene therapy vectors (5) .
The capsid shell of an adenovirus (Ad) comprises multiple copies of three major capsid proteins (MCPs; hexon, penton base, and fiber) and four minor/cement proteins (IIIa, VI, VIII, and IX) that are organized with pseudo-T = 25 icosahedral symmetry ( Fig. 1 A and B) . In addition, six other proteins (V, VII, μ, IVa2, terminal protein, and adenovirus protease) are encapsidated along with the 36-kb dsDNA genome inside the capsid (Fig. 1A) . The crystal structures of all three MCPs are known, and so is their organization in the capsid from prior X-ray crystallography (6) (7) (8) and cryoelectron microscopy (cryo-EM) analyses (9, 10) . Recently, high-resolution structures of recombinant HAdV5 vectors have been determined using cryo-EM (11) and X-ray methods (12) that revealed the structures and organization of some of the cement proteins. Both studies agree closely on the organization of the MCPs and confirm the earlier cryo-EM observations (9, 10, 13) , but neither provided significant information on the structure and location of protein VI, which serves key roles in the virus life cycle. Of note, however, the two studies differ significantly in their assignments of the cement proteins IIIa and IX. Recent cryo-EM studies reported that only protein IX molecules form "triskelion" as well as "four-helix bundle" (4-HLXB) structures and mediate the network of interactions between hexon subunits on the capsid exterior (11, 14, 15) . They also suggested that the densities ascribed to α-helices beneath the vertex region belong to protein IIIa. However, based on our X-ray crystallographic data and considering the principles of quasi-equivalence (16), we earlier suggested that although the IX molecules form triskelion structures, it is rather unlikely that the C termini of IX would form 4-HLXB structures (12) . Instead, we proposed that this 4-HLXB is most likely derived from a subdomain of IIIa (12) .
Here we report a revised interpretation, a paradigm shift, of the structures and locations of all of the cement proteins based on the refined crystal structure of Ad5F35 (HAdV5 vector encoding the type 35 fiber) that includes detailed models for the ordered regions of all four cement proteins (IIIa, VI, VIII, and IX). Additionally, we identified a segment of core protein V, which associates closely with protein VI. The 4-HLXB structure on the capsid exterior is a subdomain of IIIa (amino acids 101-355) that mediates interactions between group-of-nine (GON) (17) hexons ( Fig. 1 C and D) . The backbone path of each IX molecule is reversed from what was assigned by the cryo-EM Significance Adenoviruses cause acute respiratory, ocular, and enteric diseases, with significant health concerns for immunocompromised individuals. Replication-deficient adenoviruses are among the most frequently used vectors for human gene therapy. However, the structural details of these large (150-MDa) and complex viral vectors remain obscure. In this study, we determined the crystal structures of all cement proteins in the context of the entire virion and, in the process, revised the existing cement protein structures and their locations. Significantly, our results revealed the structure of protein VI, for the first time to our knowledge, with its cleaved propeptide sequestered within peripentonal hexons. This permits untethering and release of the membrane-lytic segment, thereby providing the molecular basis for maturation cleavage of protein VI in adenovirus-mediated endosome disruption.
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studies (11, 14) . Proteins V, VI, and VIII form a ternary complex that stabilizes the adjacent peripentonal hexons (PPHs) underneath each of the 12 vertex regions (Fig. 1D ). This complex was incorrectly assigned to protein IIIa in cryo-EM studies (11, 14) . Following virion maturation, the cleaved propeptide(s) of VI (pVIn; amino acids 1-33) is observed in the inner cavities of the PPHs, in agreement with recent interpretations from hydrogen-deuterium exchange mass spectrometry studies (18) .
Results
Protein IIIa. We resolved three segments of IIIa (amino acids 9-25, 48-209, and 252-355) with good certainty, aided by the use of a recently devised method for evaluating and scoring assigned sequences to features of experimental density. Unweighted best match scores (UWBMSs; 0.82 and 0.80), weighted best match scores (WBMSs; 0.64 and 0.60), and corresponding reliability indices (RIs; 3.2 and 2.1) are high for two large segments (amino acids 48-209 and 252-355) (SI Appendix, Table S4 ). UWBMS/ WBMS values represent the fraction of residues in the polypeptide for which the electron density matches the size of the side chain. RI values indicate the significance of the best WBMS values relative to the second-best WBMS values. RI values greater than 1 (RI >> 1) indicate a higher confidence in the assigned sequences, whereas RI = 1 indicates the lack of specificity to the sequence assignment for the peptide. Details of calculating BMSs and RIs are described in SI Appendix, Materials and Methods. Even though UWBMS and WBMS values are high (0.88 and 0.76) for the short peptide (amino acids 9-25), which was built into an island of density, the corresponding RI value (1.2) is marginal.
This resolved domain of IIIa mediates interactions between the hexons, including PPHs, along the group-of-twelve (GOT) hexon-GOT interfaces on the capsid exterior ( Fig. 2 A and B) . The characteristic signature of the IIIa structure is an antiparallel, four-helix bundle at its core and a long extended polypeptide formed by N-terminal residues ( Fig. 2B and SI Appendix, Fig. S1B ). The helical bundle comprises two long helix-turn-helix segments (amino acids 103-200 and 262-342) with short turns at residues 147-156 and 301-309, whereas a longer connection (amino acids 210-253) is disordered. Interestingly, the visible N-terminal segment of IIIa (amino acids 9-25 and 48-102) adopts an extended structure and mediates interactions primarily between a pair of PPHs and reaches all of the way to the penton vertices ( Fig. 2A and SI Appendix, Fig. S2A ). The remaining C-terminal residues (356-585) are disordered, and we surmise that they likely remain on the capsid exterior at the GON-GON interfaces near the twofold axis. In spanning ∼168 Å from the penton vertices to near the twofold axis, the ordered region of IIIa appears to function like the tape measure protein (P30) in PRD1 (19) , but on the capsid exterior. The location and interactions of IIIa concur with early observations that it is surface-accessible and located near the PPHs and penton base (20, 21) . Furthermore, the location of the N terminus of IIIa near the PPH and penton base also agrees with recent studies involving N-terminal labeling of IIIa (22) , even though it was suggested that protein IIIa resides inside the capsid.
Association of the four-helix bundle with neighboring hexons is facilitated mostly by hydrogen bond and charge-charge interactions (SI Appendix, Table S1 ). Roughly two-thirds of the interactions involving the ordered regions of IIIa occur with hexon-2 and a PPH from the reference GOT/facet, and the remainder are with hexon-4′ and hexon-3′ from adjacent facets (SI Appendix, Fig. S2A ). The four-helix bundle is oriented ∼35°r elative to the base of the hexons, tilted down near the twofold axis and up toward the PPHs (SI Appendix, Fig. S2B ). Two IIIa molecules (strict twofold-related), one from each facet, stabilize the unique edge interface between a pair of facets. A total of six IIIa molecules surround the border of each facet along three edges on the exterior ( Fig. 1C and SI Appendix, Fig. S1A ), three of which uniquely belong to each facet, one in each icosahedral asymmetric unit, resulting in 60 IIIa molecules that stabilize the entire virion.
The structure and location of IIIa differ from recent cryo-EM studies (11, 14) , where the 4-HLXB domain was ascribed to the C termini from four molecules of protein IX. Comparison of the outer cement protein (IX) models from the cryo-EM study (11) [Protein Data Bank (PDB) ID code 3IYN] with that of the IIIa and IX triskelion structures here highlights the differences (SI Appendix, Fig. S3 ). Helices in the 4-HLXB from the X-ray structure are consistently longer than the corresponding helices seen in the deposited cryo-EM model (PDB ID code 3IYN) (11) (SI Appendix, Figs. S18 and S20). However, to our surprise, the density from the cryo-EM reconstruction [Electron Microscopy Data Bank (EMDB) ID code emd_5172] is consistent with the longer helices seen in IIIa (SI Appendix, Fig. S20 ), even though the connections between the helices are not clear. Furthermore, the cryo-EM models for protein IIIa (amino acids 7-300) were incorrectly assigned to underneath the vertex region (11) that actually belongs to a ternary complex of proteins VI and VIII and a fragment of core protein V (see below) (SI Appendix, Fig. S4 ).
Protein IX. Protein IX is the most flexible molecule among the cement proteins, displaying a primarily extended structure ( Fig.  2C and SI Appendix, Figs. S5-S7), perhaps dictated by the interacting hexon subunits. We traced four structurally independent molecules of IX, but at varying lengths: IX-P (amino acids 19-75), IX-Q (amino acids 12-92), IX-R (amino acids 29-77), and IX-S (amino acids 21-78) (SI Appendix, Fig. S5 ). The UWBMS, WBMS, and RI scores for the longest of the IX molecules (IX-Q) are 0.95, 0.9, and 3.5, respectively, which are the best match/confidence scores attained for any of the cement proteins in this study (SI Appendix, Table S4 ). The characteristic feature of protein IX is that it forms triskelion structure(s) consisting of three IX molecules. Two types of triskelions, termed IX-Q3 and IX-I3, occur in the Ad capsid shell. IX-Q3 is formed by three molecules of IX (IX-P, IX-Q, and IX-R) that are related by quasi (local)-threefold symmetry and primarily stabilize hexons 2, 3, and 4. Furthermore, the N terminus of IX-P clasps the nearest PPH (SI Appendix, Fig. S8 ). The second (IX-I3) is formed by three IX-S molecules that are related by icosahedral (strict) threefold symmetry and stabilize three hexon-3 trimers at the center of the icosahedral facet (SI Appendix, Fig.  S5 ). Therefore, four triskelions (three IX-Q3 and one IX-I3) stabilize the hexons within a GON as well as latch onto PPHs within the facet (Fig. 1C) . Hence, the Ad capsid contains 80 triskelions (240 IX molecules), 60 of which are quasi-triskelions (IX-Q3) with the remaining 20 strict triskelions (IX-I3).
Importantly, the direction of the IX polypeptide is reversed compared with previous cryo-EM reports (11, 14) . Our sequence assignments agree well after reversing the chain direction, with the sole tryptophan residue (W22) in the sequence along with Y49, F79, and F81 that can be clearly identified in the difference and omit maps (Fig. 3B and SI Appendix, Fig. S6 ). In fact, 95% of the assigned residues matched the features of the experimental density (SI Appendix, Table S4 ). Also, a stretch of Ala and Ser residues occurring between amino acids 60 and 70 forms the center/core of the triskelion structure and also mediates interactions between the β-barrels of the hexons. Significantly, the revised polypeptide direction allows the C termini of all IX molecules to be surface-exposed, in agreement with previous biochemical and immunoelectron microscopy experiments (20, 21, 23) . This change in chain direction also allows the organization of IX molecules in HAdVs to be consistent with the arrangement of trimeric C-terminal spikes (helical bundles) seen in nonhuman adenoviruses (24, 25) , even though the corresponding trimeric spikes are disordered in human serotypes.
Protein VI. Here we report to our knowledge the first structure of protein VI, which plays multiple roles in the adenovirus life cycle-it functions as a cofactor for the adenovirus protease (AVP) and as a chaperone for nuclear transport, and is essential for virus assembly and endosome lysis (26) (27) (28) (29) (30) . One copy of protein VI is found intimately associated with the base of each PPH on the capsid interior. We were able to resolve residues 6-31, 34-79, and 87-157 of protein VI, which interact primarily with the bases of PPHs; the remaining C-terminal residues (158-239) were disordered. High BMS values and reliability indices of 2.4, 1.9, and 1.4, respectively, for these peptides indicate greater confidence in the sequence assignments (SI Appendix, Table S4 ). A representative [noncrystallographic symmetry (NCS)-averaged] electron density for the membrane-lytic region of VI is shown in Fig. 3A . Protein VI has a helical core and unstructured N and C termini (Fig. 3C) . The fold of protein VI appears to be distinct and has no known structural homologs. The presence of a helical core is in agreement with observations from modeling and CD spectroscopy studies (29, 31) . After proteolysis by the AVP, the ends of the newly formed fragments (6-31 and 34-157) are separated by ∼24 Å, perhaps due to rearrangement following the cleavage (Fig. 3C and SI Appendix, Fig. S9A ).
It appears that the majority of residues (amino acids 1-21) in the cleaved 33-residue N-terminal propeptide are buried in the cavities of the PPHs and that the remaining ordered residues (amino acids 22-31) interact with the N terminus (amino acids 5-17) of the A subunit ( Fig. 4 A and B and SI Appendix, Fig. S10 and Table S2 detail the interactions between VI and the PPHs). The propeptide interactions with the base of the hexons concur with recent hydrogen-deuterium exchange mass spectrometry studies (18) as well as with affinity measurements between VI and the hexon (32). Moreover, although it was not reported by Liu et al. (11) , electron density attributable to pVIn can be seen associated with PPHs in their high-resolution cryo-EM map deposited in the EMDB (ID code emd_5172) (SI Appendix, Fig. S20 ). Owing to steric constraints, it is unlikely that more than one copy of VI would bind to each hexon trimer in the assembled virion. In addition, hexon-4 might not accommodate even one VI molecule without causing severe steric clashes with icosahedral symmetry-related molecules.
Of note, most of the residues (34-50) in the membrane-lytic region (amino acids 34-54) of VI that were predicted to form an amphipathic helix (29) do not conform to the helical structure in the context of the virion (Fig. 3C and SI Appendix, Fig. S9A ). However, like other amphipathic helices (33) , they may in fact adopt a helical conformation after they come in contact with the endosomal membrane, following their release from the partially disassembled virion(s). Also, a key leucine (L40) that has been shown to impact endosome rupture (31) may influence the above helix formation (SI Appendix, Fig. S9A ). In addition to its role in cell entry, the ordered portion of the mature VI molecule (amino acids 34-157) stabilizes the capsid by gluing two PPHs together and joining them with hexon-4 of an adjacent GON hexon (Fig. 4A) . The residues following the membrane-lytic region (amino acids 68-79) closely interact with the neighboring PPH (Fig. 4A) . The first helix of the helix-turn-helix (amino acids 87-101) wedges in between two PPHs near the vertex region, thus acting as "molecular glue." In addition, residues 139-145 of the unstructured region mediate interactions at the opposite end of this PPH-PPH interface. The C-terminal residues (amino acids 145-157) join the PPHs to the adjacent GON (Fig. 4A) . A set of five such glue-like interactions joins five PPHs surrounding the penton vertices to the five GON tiles (Fig. 5A) . Notably, one VI molecule together with one V and one VIII-A form a close ternary complex (Fig. 5B ) that bolsters interactions between the PPHs and the neighboring GONs.
Residues 135-157 of a second molecule of VI-B, along with another molecule of VIII-B, associate with hexon-2, whereas the rest of VI-B, including the N-terminal propeptide, is disordered (SI Appendix, Fig. S11B ). This binary complex between VI-B and VIII-B mediates interactions between the same adjacent GON (facet) that are stabilized by the above (V-VI-VIII) ternary complex (SI Appendix, Fig. S11A ). This accounts for 120 of ∼350 molecules of VI believed to be present in the adenovirus virion based on biochemical (34) and mass spectrometry proteomics studies (35) . However, another 60 molecules of VI could sterically be accommodated associating with 60 copies of hexon-3 (i.e., one VI per hexon), thereby increasing the number of VI molecules interacting with the hexons to 180. The remaining (∼170) molecules of protein VI, if indeed present, might be associated with the nucleoprotein core of HAdV.
Protein VIII. Based on biochemical and structural studies it was shown that two structurally distinct copies of protein VIII (designated A and B) interact with the bases of the hexons on the capsid interior (13, 14, 20, 21) . Protein VIII is processed by AVP at two locations (amino acids 111 and 157), resulting in three fragments (amino acids 1-111, 112-157, and 158-227). We could trace residues 33-90 of fragment 1; 163-215 in fragment 3 in VIII-A; and residues 31-86 of fragment 1 in VIII-B (SI Appendix, Figs. S9C and S11B). Reliability indices for fragments 1 and 3 of VIII-A are 1.9 and 1.5, respectively, and along with high UWBMS values indicate that ∼90% of assigned residues match the experimental density (SI Appendix, Table S4 ). No density was observed corresponding to fragment 2 in either VIII-A or VIII-B, suggesting that it might have been released from the virion after the processing by AVP. The structure of fragment 1 mostly agrees with that seen in the high-resolution cryo-EM reconstruction (11), but the fragment 3 structure differs completely from that reported by cryo-EM (SI Appendix, Fig. S12 ).
As described above, VIII-A forms a ternary complex with proteins VI and V that interacts with PPHs, whereas a second molecule of VIII (VIII-B) forms a binary complex with a short fragment of VI-B that closely associates with hexon-2 in the reference GON. Both unique copies of VIII (A and B) line the border of the GONs and mediate interactions between hexons from adjacent GONs and PPHs (Fig. 1D and SI Appendix, Fig.  S11 ). A total of 120 copies of VIII glue the PPHs and GONs together on the interior of the Ad capsid.
Protein V. Even though protein V is considered a core protein and along with protein VII is known to interact with the Ad genome, it also interacts with protein VI based on cross-linking experiments (21, 36) . We could trace 72 (amino acids 208-219 and 236-295) of the 368 residues of protein V (SI Appendix, Fig.  S9B ). The ordered region of V includes two short helices (amino acids 208-219 and 259-271), with the rest forming an extended structure. Even though the BMS values (0.9 and 0.85) are high, the reliability indices (1.0 and 1.3) are marginal for the respective peptides, particularly for the short segment of 12 residues (amino acids 208-219) (SI Appendix, Table S4 ). This short peptide, which forms a helix, was built into an island of density found close to the larger segment (amino acids 236-295). Significantly, 85% of sequence assignments for the larger segment of 60 residues agree well with the protein V sequence, which is more than any other cement protein sequence on the capsid interior. The visible C terminus of V (amino acids 289-295) interacts with VI (amino acids 103-115) as the former reaches underneath the vertex region (Fig. 5A) . Based on this organization, the disordered and highly basic N-terminal part of V likely interacts with the genome, which is also disordered in the HAdV crystal structure. The structurally ordered region of protein V lies beneath protein VI (closer to the center of the particle) and does not directly interact with the hexon subunits but likely mediates interactions between the (disordered) nucleoprotein core and the capsid shell through its interactions with protein VI. Protein V also interacts with the C-terminal fragment 3 of VIII-A in forming the V-VI-VIII ternary complex that stabilizes the PPHs and links them with adjacent GONs (Fig. 5 and SI Appendix, Fig. S11A ).
Discussion
The refined crystallographic model of HAdV, one of the largest biomolecules determined by X-ray crystallography, reveals the structures and organization of all of the cement proteins and the partially ordered core protein V, which together stabilize the Ad capsid shell. The cement proteins are organized in two distinct layers (Fig. 6) , which exclusively stabilize the hexon shell including PPHs, thus rendering the penton vertices the weakest links of the HAdV capsid and enabling their release into the lowpH endosome. The outer layer is formed by proteins IX and IIIa, which mediate interactions within and between GON/GOT hexons, respectively. Notably, the N terminus of IIIa tethers the PPHs, connecting them with GONs on the capsid exterior. These interactions are consistent with experimental observations that protein IIIa is surface-accessible and is released along with the peripentonal hexons (21) . In addition, reversal of the chain direction of protein IX molecules allows the surface exposure of their C termini, in agreement with immunoelectron microscopy results (23) . Moreover, protein IX triskelion structures in all likelihood are enforced by the adjoining hexon subunits, as there are hardly any interactions between individual IX molecules. Together, IIIa and IX form a nearly contiguous hexagonal lattice (SI Appendix, Fig. S13A ), which surrounds the hexons within each GON. The inner cement protein layer (SI Appendix, Fig.  S13B ), although not as contiguous as the outer layer, is formed by proteins V, VI, and VIII, where VI and VIII closely associate with the bases of the hexons by stapling them along the GON-PPH and GON-GON interfaces. However, the ordered segments of protein V seen in the crystal structure do not directly contact the hexon shell. The locations of the "hot spots" of cement protein interactions that surround the hexon subunits are complementary in the upper and lower layers. Interestingly, some of the distinct features observed in the X-ray structure compared with the deposited cryo-EM model (PDB ID code 3IYN) (e.g., longer helices in IIIa and the sequestered pVIn peptide inside the PPH) are supported by the cryo-EM density (SI Appendix, Fig. S20 ), but were not previously considered (11) . Most importantly, the structural models for VI and V provide insights into the need for proteolytic processing of VI so it can be released, in turn leading to partial exposure of the DNA. Proteolytic processing of VI is necessary for untethering and release of the membrane-lytic region, which is implicated in endosome lysis (29, 30) . Consistent with this cleavage requirement, abrogation of such processing of VI by the viral protease, as in the case of Adts1 mutant viruses, makes them noninfectious (37) . Furthermore, the close apposition of five copies of protein VI near the icosahedral vertices allows cross-linking of lysine residues K45 and K70 from neighboring molecules (∼4.5 Å apart), and the close proximity of proteins V and VI would allow the cross-linking between V and the dimer of VI (Fig. 5 and SI Appendix, Fig. S15 ) (21, 36) . The release of the mature VI molecules would occur concomitant with the loss of peripentonal hexons, followed by the release of partially disassembled virions into the cytoplasm.
Materials and Methods
A form of recombinant human adenovirus serotype 5 vector displaying a short and flexible fiber from HAdV serotype 35, termed Ad5F35 (also known as Ad35F), was purified and crystallized as described previously (38) . Diffraction data were collected at beamline 23-ID-D, General Medical Sciences and Cancer Institute's structural biology facility (GM/CA), Advanced Photon Source. The crystal structure was determined using molecular replacement methods using Phaser (39) . Notably, high-resolution features of the electron density maps were significantly improved by omitting data at resolutions lower than 20 Å, which is akin to B-factor sharpening of electron density maps. All of the initial cement protein backbone traces were built into difference (Fo − Fc) and/or omit (5Fo − 4Fc) maps. Only polyalanine traces of the cement proteins were used to calculate electron density maps, to avoid any model bias. We devised a method for evaluating the reliability of assigned amino acid sequences to the experimental electron density (see SI Appendix, Materials and Methods for details). The reliability scores for most of the sequence assignments of the cement proteins are high. The X-ray model was refined using the program X-PLOR (40) . Further details of experimental procedures are described in SI Appendix, Materials and Methods.
